INTRODUCTION
Numerous in-vitro studies have established that cells react to their physical environment and to applied mechanical loading [1, 2] . However, the mechanisms underlying such phenomena are poorly understood. Previous computational cell models of micropipette aspiration have not examined the salient mechanisms governing the material response; instead, they fit experimental data to linear elastic, viscoelastic or simplified biphasic models [3] [4] [5] . In order to gain an indepth understanding of mechanotransduction, modeling based on the active sub-cellular biomechanical behavior and biochemical processes must be combined with experimental investigation. Such modeling will produce novel and realistic insights into sub-cellular mechanics and provide a powerful predictive tool for tissue engineering. Consistent with this concept, an active constitutive formulation for the remodeling and contractile behavior of the actin cytoskeleton is used in this study to simulate micropipette aspiration of suspended and adhered cells.
METHODOLOGY

Constitutive formulation
The contractile actin-myosin cytoskeleton is formed via the phosphorylation of myosin and polymerization of actin filaments. The phosphorylated myosin self assembles into bipolar filaments that interact with actin filaments loosely bound with α-actin to form contractile stress fiber bundles [6] . This is captured in our constitutive model by allowing stress fibers (SF) to assemble in any direction at any point located in the cell. Initial SF formation is triggered by a calcium signal cascade which has been closely linked to cytoskeletal remodeling and mechanotransduction under applied mechanical loading [7] . 
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Cytoskeletal tension is essential for sustaining SF bundles and a reduction in tension below a defined isometric tension leads to fiber dissociation. The contractile behavior of assembled SF bundles has been shown to behave similarly to skeletal muscle, where the stress is linked to the bundle contraction rate through the cross-bridge cycling of the actin-myosin pairs [8] . This relationship is modeled using the following Hill like equation:
where is the stress in the SF bundle, 0 is the isometric tension, is the reduction in stress upon increasing the shortening rate ( ) by 0 . 
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The signal induced formation and tension dependent dissociation of the actin cytoskeleton has been captured using a first order kinetic equation. This equation gives the dimensionless activation level of a SF bundle, η, at any orientation, at any point in the cell:
where k f and k b are forwards and backwards reaction rates, C is an exponentially decaying signal, and θ is a decay constant
Finite element model
This formulation is incorporated into the commercial finite element software Abaqus (Simulia, RI, USA) using a user-material (UMAT) and axisymmetric finite elements. The constitutive model is implemented in a fully 3-dimensional setting to ensure proper representation of all possible stress fibers in the cell, including out of plane fibers. Adhered and suspended cell models are created including analytically rigid micropipettes (Figure 1 ). Simulations consist of two steps, an initial equilibrium stage where the cell responds to a signal cascade and a second stage where an aspiration pressure is applied instantaneously and held at a constant value. In the first step the cytoskeleton is formed and in the second step the aspiration pressure causes the cell to move upwards into the pipette, and the amount of cell deformation into the pipette is defined as the aspiration length.
RESULTS & DISCUSSION
Stress fiber concentration levels in the cell cytoplasm are plotted in Figure 2 . The dominant stress fiber bundles are examined by subtracting the average activation level over all directions, , from the maximum activation level in any direction, . The adhered spread cell shows large concentrations of dominant stress fibers in the region surrounding the adhesion at the end of the first step (Figure 2A ). Micropipette aspiration causes significant cytoskeletal remodeling locally at the aspiration site ( Figure 2B ), and this trend was also observed for the suspended cell ( Figure 2C ) and the adhered rounded cell ( Figure 2D ).
Increased fiber concentrations in the spread cell stiffen the cell and alter the mechanical response, which is seen in the resulting aspiration lengths (Fig. 3) . The aspiration lengths are lowest for the spread cell, which is a result of the high levels of SF formation. Similarly the suspended cell has the largest aspiration length as a result of the lower stress fiber distribution. These results strongly agree with experimentally observed phenomena, in which cell spreading and actin distributions affect micropipette aspiration dynamics. Thoumine et al highlighted the effect of spreading on material properties through micropipette aspiration and computation modeling using a biphasic viscoelastic cell model [5] . However, this viscoelastic model used different material constants for each scenario to best fit the data. Our stress fiber model uses the same material properties for each scenario, and the effect of cell spreading on growth and remodeling of the cytoskeleton explains the different aspiration lengths observed.
These results demonstrate the ability of our computational model to simulate cytoskeletal remodeling and predict differences in experimentally observed responses to mechanical stimuli for suspended and adhered cells. 
